Some species and societies engage in sustainable habitat destruction by periodically alternating be-8 tween a low-growth migratory lifestyle and high-growth but destructive behavior. Examples include 9 nomadic pastoralism and shifting cultivation, practiced by humans for millenia. Although specific 10 models have been developed for species or societies which practice periodic migration and habitat 11 destruction, theoretical insight into such phenomena as a whole is lacking. Here we present a general 12 model of populations which alternate between migratory but negative-growth 'nomadism' and de-13 structive 'colonialism' which yields high but short-term growth. Despite both strategies individually 14 resulting in extinction, we demonstrate that a population can sustainably colonize an arbitrarily large 15 network of habitats by alternating between the two. This counter-intuitive result can be interpreted in 16 terms of both Parrondo's paradox and the exploration-exploitation dilemma, suggesting answers to 17 the question of sustainable development. 18 1 Introduction 19
Population model
We model a structured population of individuals spread across n habitat patches, or nodes. Follow-90 ing the nomadic-colonial model developed in our previous work, the population in each habitat i ≤ n 91 comprises a sub-population of free-living and migratory nomads, x i , and a sub-population of environ-92 mentally destructive colonists, y i . Each habitat patch also has an associated carrying capacity K i , which 93 limits the size of its colonial population. 94 Within each habitat i, colonists are capable of switching to nomadism at a per-capita rate s xy i , and 95 nomads to colonialism at a per-capita rate s yx i . Nomads also migrate from habitat j to habitat i at a 96 per-capita rate m ij , whereas colonists stay in their original habitat unless they switch to nomadism. 97 The overall growth rates for the nomadic sub-population x i and colonial sub-population y i are thus
where g x and g y are respectively the endogenous nomadic and colonial growth rates (i.e. the growth 100 rates in the absence of both behavioral switching and migration), to be defined below. 
It can be seen that the growth rate is negative when y i < min(A, K i ), a phenomenon known as the 118 strong Allee effect. This captures the necessity of cooperation -colonists need to exceed the critical 119 mass A in order to collectively survive. The growth rate is also negative when y i exceeds the carrying 120 capacity K i , due to overcrowding and excessive competition. Positive growth is only achieved when 121 A < y i < K i , i.e., when the colonial population is neither too large nor too small.
122
Long-term habitat destruction is accounted for by modelling changes in the carrying capacity K i as 123 negatively dependent upon the colonial population y i . Specifically, the rate of change of is given by
where α > 0 is the default growth rate of K i , β > 0 is the per-capita rate of habitat destruction, K max is
At this population level (y i = y * ), no habitat destruction occurs ( dKi dt = 0). When the colonial population 133 y i exceeds this level, the carrying capacity decreases, and vice versa. Thus, y * can also be understood 134 as the long-term carrying capacity of any particular habitat. If this long-term carrying capacity is less 135 than the Allee capacity A, the short-term capacity K i will eventually decrease until it can no longer 136 sustain the critical mass A required for colonists to grow. Under these conditions, pure colonialism will 137 be unsustainable in the long run as well. the nomadic-to-colonial switching rate s yx i can then be expressed as follows:
It should be noted that the decision to switch need not always be 'optimal' or promote 'rational' Without loss of generality, we scale all parameters such that α = β = 1. Equation 5 thus becomes:
Under this scaling, the habitat-stable population size becomes y * = α β = 1, and all other population 155 sizes and capacities are to be interpreted as ratios with respect to y * . Additionally, since the per-capita 156 rate of habitat destruction β = 1, r x , r y and r s are to be interpreted as ratios to this rate. As an illus- Bogacki and Shampine 47 . Accuracy was ensured by repeating each result with consecutively more 165 stringent tolerance levels until the output did not change significantly (i.e. a difference of less than 1%).
166
Both the relative error tolerance and absolute error tolerance were fixed at 10 −6 after this process.
167
Exploratory simulations were first conducted for a small number of habitat patches over wide range 168 of parameters and initial conditions. General trends observed from these simulations were then used to 169 guide systematic investigation into the dynamics of migration and colonization. The dynamics of colo-170 nization were studied by limiting the initial conditions such that they were progressively less favorable 171 for successful colonization (e.g. by reducing the initial carrying capacities). The observed trends and 172 conditions were then formalized analytically. These conditions were then used to find parameters that 173 ensured survival and expansion for simulations conducted with a large number of habitats.
174
In deriving these conditions, reasonable assumptions were made in order to make the model analyt-175 ically tractable. In particular, it was assumed that the rate of behavioral switching was much faster than 176 all other processes (r s r x , r y , m ij , 1), and that colonial growth rates were much faster than the rate of 177 habitat destruction (r y 1). Initial conditions which result in unstable equilibria (e.g.
were avoided as unrealistic. be extended to an arbitrary number of isolated habitats (i.e., habitats with no migration between them).
203
Here our results show that with the addition of inter-habitat migration, periodic alternation between 204 nomadism and colonialism can ensure survival as well. colonization can be derived (under the assumption of rapid behavioral switching r s r x , r y , m ij , 1):
Here i is the source habitat, j the destination habitat, x init i be the initial nomadic population in the source, The above analysis suggests that the initial colonization of habitat j is ensured as long as x init i is suffi-275 ciently high, but they can also be extended to cover subsequent periods of colonization (e.g., at t = 1 in 276 habitat 2 of Figure 3b . As can be seen in habitat 1 of Figure 3b , whenever the source habitat enters the 277 nomadic phase, its nomadic population x i is at a level of L 1 or above. This occurs because the colonial 278 population y i quickly grows to reach K i during the preceding colonial phase. When the switch to no-279 madism occurs (at which point y i K i L 1 ), close to all of the colonists switch behaviors, such that 280 the nomadic population x i increases almost instantaneously by an amount close to L 1 . From this point 281 on, the source habitat i has a pool of at least L 1 nomads with which it can re-colonize adjacent habitats.
282
Assuming that the adjacent habitats are abundant at this point in time, we can then replace x init i with L 1 283 in Inequality 9 to obtain conditions for periodic re-colonization:
No doubt, there are some circumstances where this specific chain of events does not occur. The colo-285 nial growth constant r y might not be large enough for y i to reach K i during the colonial phase, and the 286 adjacent habitats might not always be abundant when the colonial phase begins in the source. How-287 ever, these circumstances are mitigated by the fact that, once initial colonization of the adjacent habitats 288 has occurred, the total population in those habitats is generally non-zero, making re-colonization easier 289 in the future. Inequality 10 thus serves as a useful guide for finding parameters that result in periodic 290 colonization and survival. Simulation results confirm that satisfying this condition generally produce 291 the desired outcomes. Each row of every subplot corresponds to a particular habitat, and the rows are sorted by initial time of colonization (i.e., the time at which yi exceeds A for each habitat i). Initial values for the source colony were x1 = 0, y1 = 10.5 and K1 = 11. All other habitats were initially empty (xi = yi = 0), with carrying capacities Ki distributed uniformly at random between 0 and 11. Other parameters are rs = 1000, rx = 1, ry = 10, ∀i, j, mij = 5, A = 1.001, Kmax = 15, , L1 = 10, and L2 = 11.
Figure 5:
A graphical visualization of the population in Figure 4 spreading across the habitat network, with snapshots taken at various points in time. A 2D Gaussian with a peak value of xi(t)+yi(t) is plotted at the corresponding node for each habitat i, allowing the total population in each habitat to be visualized. yet paradoxically sustainable, new ways can be found to manage the resources of this planet.
